Abstract: Krettnichite, PbMn 3+ 2 (VO 4 ) 2 (OH) 2 , occurs as an accessory ore mineral and as free crystals in vugs within the hydrothermal manganite-quartz vein at the historic manganese deposit of Krettnich, Saarland, Germany. Other vein minerals include barite, ankerite, calcian mottramite (minor ore constituents), barian brackebuschite, cobaltoan pyrobelonite, and calcian mottramite (free crystals in vugs). Krettnichite is monoclinic, space group C2/m, Z = 2, a = 9.275(7) Å, b = 6.284(3) Å, c = 7.682(2) Å, b = 117.97(4)°. Krettnichite is brown to black with red internal reflections. It has an excellent cleavage parallel to (001). A distinct cleavage intersecting (001) at high angle is visible in polished section. Polysynthetic twinning with composition plane (001) is common. Under plane polarised reflected light, krettnichite is slightly pleochroic, from very light grey to light brownish grey, and the anisotropy is strong under crossed polars.
Introduction
A great diversity of V and As minerals form during the metamorphism of syngenetic Mn deposits, and are important constituents of the mineral association in some of the world's famous mineralogical localities, such as Långban, Sweden (Boström et al., 1979) and Franklin, New Jersey (e.g., Frondel & Baum, 1974) . Indeed, most metamorphosed syngenetic Mn deposits of likely 146 exhalative origin contain unusual V or As minerals, and, in the past few years, several new minerals have been described from little known deposits of this type (e.g., fianelite, Brugger & Berlepsch, 1996; nabiasite, Brugger et al., 1999) .
In the present paper, we describe a new Mn vanadate from a different kind of Mn deposit: a non-metamorphosed hydrothermal vein. The presence of two unknown vanadates in the Mn veins near Krettnich (Saarland, Germany) has been previously reported by Müller (1984 Müller ( , 1988 . The first mineral, described as a V analogue of «b-duftite», is in fact a calcian mottramite (Reiss & Raber, 1998 
Occurrence
The studied samples were collected from the mullock dumps lining the outcrop of the manganite vein south of Krettnich, Saarland, Germany. The Krettnich Mn deposit consists of one to two parallel veins which can be followed over 1200 m, and which are embedded in the Permian "Oberrotliegenden Fanglomerate" (Waderner Facies). The latter formation locally contains high carbonate contents and, in those places, replacement of host rock by Mn minerals is common near the veins. The veins consist of manganite [g-Mn 3+ OOH], quartz, barite, ankerite, with minor amounts of mottramite [(Pb,Ca)CuVO 4 (OH)] and krettnichite. Most of these minerals (notably manganite and mottramite) occur in both collomorphic and well crystallised forms (Müller, 1988) . Barian brackebuschite [(Pb,Ba) 2 (Mn,Fe)(VO 4 ) 2 H 2 O] is apparently restricted to small vugs, where it forms aggregates of parallel needles ( Fig. 1a and 2 ), or occurs in epitaxy with krettnichite (Fig. 1b) . The brackebuschite crystals are elongated along [010], and flattened along [100] (Fig. 1a) . Sub-millimetric crystals of cuprian-cobaltoan pyrobelonite [Pb(Mn 2+ ,Cu 2+ ,Co 2+ )VO 4 (OH)] occur on, and intergrown with, brackebuschite (Fig. 2) .
According to Müller (1988) , the Krettnich deposit formed during the interaction of ascending, reducing, metal-rich (Mn, Fe, Ba, Cu, Pb) brines with oxygen-bearing diagenetic waters from the porous conglomerates. The Eh-pH conditions were such that Mn oxides/hydroxides precipitated, whereas Fe remained in solution (Krauskopf, 1957) . The vanadates mottramite and krettnichite crystallised with the main ore minerals during this hydrothermal event. Mottramite occurs over the whole width of the vein, but krettnichite is restricted to the central part of the vein (observation by Müller (1988) ; the in situ mineralisation is not accessible any more). The origin of the vanadium is unclear, but the embedding Permian rocks (red-beds) are a likely source.
Most members of the tsumcorite group result Description, crystal structure, and paragenesis of krettnichite 147 from the hypogene oxidation of ore deposits. One exception is cabalzarite, which sometimes occurs in veinlets formed during the retrograde, very lowgrade metamorphism of a Mn deposit (Brugger et al., 2000) . In contrast, krettnichite does not represent an alteration or late remobilisation product of a pre-existing metal concentration, but is a primary mineral crystallising during the last stages of the hydrothermal vein formation at Krettnich.
Appearance and physical properties of krettnichite
Krettnichite occurs as radiating aggregates of dark brown platy crystals (plates // to (001)) up to 3 cm in diameter within massive manganite ores (Fig. 1c) . In cavities, krettnichite forms tiny (< 1 mm), acicular to prismatic black crystals with adamantine lustre and orange-red internal reflection ( Fig. 1a) , as well as pseudo-rhombohedral crystals of brownish colour and tern lustre ( Krettnichite sinks in Clerici liquor (D = 4.04 g /cm 3 ), and the densities calculated with a cell volume of 398.7 Å 3 for the available electron-microprobe analyses range between 4.51 and 4.81 g/cm 3 . Microhardness measurements were made on three different krettnichite aggregates in a single polished section with a load of 100 ponds. Aggregate 1, which was cut almost perpendicular to (001), displays lower values (mean 276 kg/mm 2 , range 266-287 kg/mm 2 , n = 5) than aggregates 2 and 3 (mean 347 kg/mm 2 , range 306-383 kg/mm 2 , n = 10), which are both oriented nearly parallel to (001). It is possible that the measured hardness of aggregates 2 and 3 was affected by micro-inclusions (often < 1 µm) of a mineral with a high reflectivity, which have been observed in some areas, but the difference most likely reflects the effect of orientation. All of the indentations had concave sides and were fractured. The Vicker's hardness corresponds to a Moh's hardness of about 4.5. Krettnichite displays a polysynthetic twinning with composition plane (001) (Fig. 4) , which is identical to that found in mounanaite (Krause et al., 1998) . Krettnichite has an excellent cleavage along (001), and a distinct cleavage at high angle to (001) is recognised in polished section (Fig. 4b) .
Optical properties of krettnichite
Only thin cleavage plates parallel (001) are transparent. The colour is reddish brown, and distinct pleochroism towards orange is visible in plane polarised light. Under plane polarised reflected light, krettnichite is distinctly bireflectant and slightly pleochroic, from very light grey to light brownish grey. Under crossed polars, the mineral shows straight extinction. The anisotropy is strong, but rotation tints are not very colourful and, from extinction, the sequence is: dark metallic blue, lighter blue-grey, silver, light purplish brown-grey. At high magnification, and under oil immersion, orange-red to red internal reflections appear 'gemlike' within the crystals -they are the more noticeable where the ordinary reflected light is dark blue (along the crystal elongation). Reflectivity data for air and oil are reported in Table 1 .
Optical constants were calculated from the spectral reflectance data using Koenigsberger's equations (for absorbing materials). At 590 nm, n for R 1 is 2.21 (± 0.01), k = 0.1 (± 0.03), and for R 2 , n is 2.39 (± 0.03), k = 0.2 (± 0.02). Obviously, from randomly cut sections, it is impossible to obtain constants that correspond to the optical or crystallographic symmetry of the mineral. These data are, however, reproducible across three different krettnichite aggregates, and so are a good guide to the extreme values for the mineral.
The Gladstone-Dale relationship gives, with the constants of Mandarino (1976) , values of the mean refractive index between 2.11 and 2.18 for the range of compositions determined by the electron microprobe. These calculated values are lower than those obtained from the reflectance measurements. This discrepancy arises from the fact that krettnichite is light absorbing, a feature Description, crystal structure, and paragenesis of krettnichite 149 that is not taken into account by the GladstoneDale model.
Chemistry of krettnichite
The chemical composition of several krettnichite aggregates from the type specimen and an additional sample has been determined with a CAMECA SX50 electron microprobe (EMP), operated at 15 kV, 25 nA. Counting time was 10 s on each peak and 5 s on each side of the peak for the background, and the beam was defocused to a diameter of about 10-15 µm. The standards were pure metals for V, Mn, Ni, Co, Cu, Zn; galena for Pb; arsenopyrite for As; wollastonite for Ca and Si; sapphire for Al; strontianite for Sr; benitoite for Ba; rutile for Ti; and hematite for Fe.
With the assumption of a trivalent oxidation state for Mn, the EMP analyses lead to the simplified empirical formula PbMn 3+ 2 (VO 4 ) 2 (OH) 2 , and emphasise the similarity between krettnichite and Fig. 5a ). Fe 3+ is the main cation on the octahedral site (B) of mounanaite; as octahedral Fe 3+ and Mn 3+ have the same ionic radius (0.645 Å; Shannon, 1976) , one would expect Fe 3+ to occur on the octahedral site of krettnichite. However, no correlation is apparent between Fe and the other metals of the octahedral site (e.g., Fig. 5a ). The Fe content is not the only chemical difference between Fe-free and Fe-bearing krettnichite. There is a distinct negative correlation between As and V (substitution As = V) in Fe-free krettnichite, but none in the Fe-bearing variety (Fig. 5b) . The best inter-element correlations in the available data set occur in the Fe-bearing variety, between Pb and V ( Fig. 5c ; slope about 1/2) and between Mn and V ( Fig. 5d ; slope -1.2). These features are probably due to the presence of submicroscopic Fe-and Mn-rich solid inclusions in the analysis volume. Micrometric inclusions have indeed been observed in some areas with optical microscopy.
IR spectra collected on a krettnichite powder using an infrared microscope attached to a 1760X Perkin Elmer FTIR spectrometer show a broad absorption band centred at 3225 cm -1 (O-H stretching mode). According to the bond distance-frequency correlation of Libowitzky (1999) , this frequency is in excellent agreement with the O1-O1 bond distance of 2.69 Å found by structure analysis (see below). The OH-positions in tsumcorite-group minerals can also host H 2 O groups, according to the coupled substitution [VI] Me 3+ (OH) -= [VI] Me 2+ (H 2 O) (Krause et al., 1998) . As the octahedral site in krettnichite is occupied by trivalent cations (Table 2), one expects low H 2 O contents, and the absence of indication for molecular water, either by a bending mode around 1650 cm -1 , or by Description, crystal structure, and paragenesis of krettnichite 151 
Crystal chemistry of the associated minerals
Manganite associated with krettnichite in vugs hosts significant amounts of transition metals (0.10 wt% NiO, 0.14 wt% CoO, 0.39 wt% CuO, 0.14 wt% ZnO), and Al 2 O 3 (1.45 wt%; mean of 6 EMP analyses).
Brackebuschite from Krettnich is characterised by relatively high Ba contents, ranging from 1.48 up to 11.42 wt% BaO, the highest value corresponding to 0.49 Ba on the Pb site (Fig. 6a) . The substitution of Ba for Pb is confirmed by a negative correlation with a slope close to -1 in a Ba vs. Pb diagram (Fig. 6a) . Brackebuschite from the type locality (Venus Mine, Argentina) is Ba-poor (² 0.01 Ba pfu; Foley et al., 1997) , but Ba-dominant phases with the brackebuschite structure are known (e.g., gamagarite, Ba 2 (Fe 3+ ,Mn 3+ )(VO 4 ) 2 (OH)). Limited substitution of Mn by Fe, Al, Co, and Cu (< 30 %) also occurs ( Fig. 6b; Table 3 ). The general formula of the minerals of the descloizite group is AB 2+ (XO 4 )(OH). At Krettnich, descloizite group minerals have Pb dominating on the A site, and V dominating on the X site. On the B site, both Cu 2+ (mottramite) and Mn 2+ (pyrobelonite) have been found to dominate. Indeed, three chemical types can be distinguished among descloizite group minerals at Krettnich (Fig. 7a): (1) Ca-rich mottramite, with > 80 mol% Cu on the B site, and Ca/Pb ratios up to ~ 0.5; (2) Ca-poor mottramite, with > 40 mol% Cu on B, and Ca/Pb < 0.15; (3) pyrobelonite, with 10 to 30 mol% Co and 15 to 50 mol% Cu on B, and very low Ca contents. One isolated analysis only plots in the Co field of the Mn-Cu-Co triangle (Fig. 7a) .
Pyrobelonite mostly occurs as small idiomorphic crystals in close association with brackebuschite (Fig. 2) . Pyrobelonite is devoid of As, but mottramite shows significant As 2 O 5 contents up to 2.89 wt% (Fig. 7b) .
Mottramite, PbCu(VO 4 )(OH), Pnma, is structurally closely related to duftite, PbCu(AsO 4 ) (OH), P2 1 2 1 2 1 . Kharisun et al. (1998) showed that "b-duftite", an intermediate member between duftite and conichalcite, CaCu(AsO 4 )(OH), P2 1 2 1 2 1 , was characterised by domains about 50 Å in size where the Jahn-Teller distorted CuO 6 octahedra are oriented differently. The Ca analogue of mottramite is tangeite, CaCu(VO 4 )(OH), with space group P2 1 2 1 2 1 , and therefore a symmetry Description, crystal structure, and paragenesis of krettnichite 153 transition must occur somewhere along the series between mottramite and tangeite. The mottramite from Krettnich is Ca-rich (up to ~ 0.5 Ca pfu; Fig. 7a ), but does not show evidence for a deviation from the Pnma space group (Reiss & Raber, 1998 and pers. comm.) .
X-ray crystallography of krettnichite
The X-ray powder pattern of krettnichite is reported in Table 4 . The unit-cell refined from these data is compared to that obtained from the single-crystal diffractometer data, and to that of mounanaite in Table 5 . The agreement is excellent given the chemical variability of krettnichite.
Single-crystal X-ray intensity data were collected for a platy crystal (0.02 x 0.15 x 0.20 mm) on a Siemens three-circle SMART system using MoKa X-radiation (Table 6 ). Structure solution and refinement was carried out with the SHELX-97 program package (Sheldrick, 1997) applying Table 4 . X-ray powder data for krettnichite.
neutral-atom scattering factors. Prior to structure solution by direct methods the isotypic relationship with mounanaite was not recognised. An empirical absorption correction was carried out with a psi-scan related method where redundant and symmetry-equivalent reflections in the various frames were compared to calculate transmission factors. Test refinements were performed in space groups C2, Cm, and C2/m. Subsequent examination of the results indicated that C2/m symmetry was correct. The scattering power on the eightcoordinated Pb site indicated a mixed occupancy of dominant Pb and lighter elements (Ca and Sr). Thus, the populations of Pb and Sr were allowed to vary. Final difference Fourier maps revealed maximum peaks of ± 2 e/Å 3 located around Pb and V. Due to the strong scattering power of Pb localisation of H sites was not attempted. Atomic coordinates and anisotropic displacement parameters are given in Table 7 , interatomic distances and bondvalence sums in Table 8 .
Crystal structure of krettnichite and relations to other minerals
Krettnichite is isostructural with tsumcorite (Tillmanns & Gebert, 1973; Krause et al., 1998) . The only other member of the tsumcorite group with dominant V is mounanaite (Cesbron & Fritsche, 1969 ; structure refinement in Krause et al., 1998) , and krettnichite can be described as a fairly pure Mn 3+ analogue of mounanaite, with Mn/· (Mn,Fe,Al,Ni,Co,Cu, Zn) = 0.76-0.89. After Mn 3+ , the most abundant cation on the octahedral site is Co (Co/· (VI) up to 0.16; Table 2 ). Table 5 . Unit cells determined for krettnichite. Table 6 . Parameters for crystal structure determination and refinement. Table 7 . Final atomic positional parameters, U eq (x 10 2 ), and anisotropic displacement parameters U ij (x 10 2 ) for krettnichte. Standard deviations in parentheses.
Mn is one of the few elements that occur commonly with three different oxidation states in nature (Mn 2+ , Mn 3+ , Mn 4+ ). The trivalent state of Mn in krettnichite, which has been suggested by analogy to the trivalent state of Fe in mounanaite, is confirmed by bond valence calculations (Table 8) , and also by the characteristics of the coordination polyhedron around Mn. Krettnichite displays a dilatation of the B-O2 bond relative to B-O1 and B-O3 (Table 8) . Such a distortion is not observed in the B-octahedron in mounanaite, occupied by Fe 3+ , and is attributable to the JahnTeller effect on the Mn 3+ ([Ar] 3d 4 ) ion in highspin state (t 2g 3 e g 1 ). Foley et al. (1997) list 30 oxygen-bearing minerals with Mn 3+ as a main constituent. In all but one case (långbanite), Mn 3+ occurs in distorted octahedral coordination with oxygen. Most Mn 3+ minerals display an elongation of an axis of the Mn 3+ O 6 octahedron similar to what is observed in krettnichite, indicating that the lone electron occupies the d z 2 orbital, and not the d x2-y2 orbital. Table 8 . Interatomic distances (Å) and bond-valence sums (v) for krettnichite and mounanaite.
Line-4: read "Mean, Sv" instead of "Mean, h v". 
